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Abstract

Management of extraocular disease is mainly limited by the inability to provide long-term extraocular drug delivery without avoiding
the systemic drug exposure and/or affecting the intraocular structures and poor availability of drugs, which may be overcome by pro-
longing the contact time with the ocular surface, for instance with bioadhesive polymers. In the present study, mucoadhesive chitosan
(CS)-sodium alginate (ALG) nanoparticles were investigated as a new vehicle for the prolonged topical ophthalmic delivery of antibiotic,
gatifloxacin. A modified coacervation or ionotropic gelation method was used to produce gatifloxacin-loaded submicroscopic nanores-
ervoir systems. It was optimised using design of experiments by employing a 3-factor, 3-level Box-Behnken statistical design. Indepen-
dent variables studied were the amount of the bioadhesive polymers: CS, ALG and the amount of drug in the formulation. The
dependent variables were the particle size, zetapotential, encapsulation efficiency and burst release. Response surface plots were drawn,
statistical validity of the polynomials was established and optimised formulations were selected by feasibility and grid search. Nanopar-
ticles were characterised by FT-IR, DSC, TEM and atomic force microscopy. Drug content, encapsulation efficiency and particle prop-
erties such as size, size distribution (polydispersity index) and zetapotential were determined. The designed nanoparticles have average
particle size from 205 to 572 nm (polydispersity from 0.325 to 0.489) and zetapotential from 17.6 to 47.8 mV. Nanoparticles revealed a
fast release during the first hour followed by a more gradual drug release during a 24-h period following a non-Fickian diffusion process.
Box-Behnken experimental design thus facilitated the optimisation of mucoadhesive nanoparticulate carrier systems for prolonged ocu-
lar delivery of the drug.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most attractive areas of research in drug
delivery today is the design of nanosystems that are able
to deliver drugs to the right place, at appropriate times
and at the right dosage. These nanocarriers are submicron
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particles containing entrapped drugs intended for enteral
or parenteral administration, which may prevent or mini-
mise the drug degradation and metabolism as well as cellu-
lar efflux [1,2]. Nanoparticles also have a long shelf-life,
have been made of safe materials, including synthetic bio-
degradable polymers, natural biopolymers, lipids and poly-
saccharides and have the potential for overcoming
important mucosal barriers, such as the intestinal, nasal
and ocular barriers [3].

Major problem encountered with the conventional top-
ical delivery of ophthalmic drugs is the rapid and extensive
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pre-corneal loss caused by the drainage and high tear fluid
turnover [4,5]. Most efforts in ophthalmic drug delivery
have been focused on increasing the corneal penetration
of drugs with the final goal of improving the therapeutic
outcome for treatments of different ocular diseases. These
attempts include the use of colloidal drug delivery systems,
such as liposomes [6], biodegradable nanoparticles [7] and
nanocapsules [8]. However, the short residence time of
these colloidal carrier systems in the ocular mucosa pre-
sents a major challenge for the therapy of extraocular dis-
eases, such as keratoconjunctivitis sicca or dry eye disease.
Consequently, the design of a mucoadhesive carrier system
with improved drug delivery properties to the ocular sur-
face would be a promising step towards the management
of external ocular diseases.

Considering the fact that the cornea and conjunctiva
have a negative charge, it was proposed that the use of
mucoadhesive polymers, which may interact intimately
with these extraocular structures, would increase the con-
centration and residence time of the associated drug.
Among the wide variety of mucoadhesive polymers
reported in the literature, the cationic polymer chitosan
(CS) has been a polymer of choice because of its unique
properties including acceptable biodegradability, biocom-
patibility [9–11] as well as the ability to increase membrane
permeability, both in vitro [12–15] and in vivo [16] and be
degraded by lysozymes in serum.

CS has been used in preparing films, beads, intragas-
tric floating tablets, microspheres, and nanoparticles in
the pharmaceutical field [17–22]. Also the CS has
recently been proposed as a material with a good poten-
tial for ocular drug delivery as the CS solutions were
found to prolong the corneal residence time of antibi-
otic drugs [23] and CS-coated nanocapsules were more
efficient at enhancing the intraocular penetration of
some specific drugs [24,25]. The interaction and pro-
longed residence time of CS nanoparticles at the ocular
mucosa of rabbits have been reported and it was shown
that following topical instillation of fluorescence-labelled
nanoparticles, these colloidal drug carriers remain
attached to the cornea and the conjunctiva for at least
24 h [26]. Therefore, mucoadhesive CS nanoparticles
may have potential as colloidal drug delivery systems
for the ocular mucosa.

Alginates are random, linear and anionic polysaccha-
rides consisting of linear copolymers of a-L-guluronate
and b-D-mannuronate residues. Alginates have a long his-
tory of use in numerous biomedical applications, including
drug delivery systems, as they are biodegradable, biocom-
patible and mucoadhesive polymers [1]. Alginate polymers
are also hemocompatible and have not been found to accu-
mulate in any major organs and show evidence of in vivo

degradation [27]. Sodium alginate (ALG) is used in a vari-
ety of oral and topical pharmaceutical formulations and it
has been specifically used for the aqueous microencapsula-
tion of drugs, in contrast to more conventional solvent-
based systems [27,28].
The main objectives in drug delivery are to design sys-
tems that maintain the structure and activity of biomole-
cules; are non-immunogenic; release the therapeutic agent
predictably over time; and degrade to non-toxic metabo-
lites that are either absorbed or excreted [29]. A great deal
of attention has been directed to polymeric colloidal
nanoparticulate formulations obtained with polysaccha-
rides, lipids and specifically natural biopolymers. The inter-
action between biodegradable cationic and anionic
biopolymers leads to the formation of polyionic hydrogels,
which have demonstrated favorable characteristics for drug
entrapment and delivery. Chitosan and alginate are two
biopolymers that have received much attention and have
been extensively studied for such use [30]. Chitosan being
a cationic polymer has been used for the production of
microspheres and nanoparticles by ionotropic gelation with
negatively charged polymers and there are many chitosan–
polyanion complexes that have been investigated as drug
delivery systems for drugs, proteins, DNA and other oligo-
nucleotides, with encouraging results [31–36]. Among the
various types of chitosan–polyanion complexes reported
in the literature, the combination of chitosan and sodium
alginate is considered to be the most interesting for colloi-
dal carrier systems [37].

Chitosan–alginate (CS–ALG) polyionic complexes are
formed through the ionic gelation via interactions between
the carboxyl groups of alginate and the amine groups of
chitosan. The complex protects the encapsulant, has bio-
compatible and biodegradable characteristics, and limits
the release of encapsulated materials more effectively than
either alginate or chitosan alone [38]. A further advantage
of this delivery system is its non-toxicity permitting the
repeated administration of therapeutic agents. CS–ALG
microspheres or beads have been widely studied for the
encapsulation of several drugs, proteins, cells and oligonu-
cleotides, with promising results [37,39–43]. Despite the
attractive properties offered by CS–ALG system, its devel-
opment and application in the submicron scale has scarcely
been studied [30,1].

In the present research, we report a slightly modified
method to prepare CS–ALG nanoparticles based on the
formation of a polyionic complex between the two biopoly-
mers. The current study aimed at developing and optimis-
ing a mucoadhesive nanoparticulate formulation of
gatifloxacin for ocular delivery using design of experiments
by employing Box-Behnken statistical design.

2. Materials and methods

2.1. Materials

The polymer chitosan (CS) (specifications: molecular
weight: 65–90 kDa, viscosity of 1% w/v aqueous solution
in 2% v/v acetic acid: 130 mPa.s, deacetylation degree
>80%) was received as a gift sample from India Sea Foods,
India. The medium viscosity sodium alginate (ALG) iso-
lated from Macrocystis pyrifera, having molecular weight
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between 75 and 100 kDa, and mannuronic to guluronic
acid ratio of 1.5 (60:40), was purchased from CDH Labs.,
India. Gatifloxacin was provided ex gratia by Lupin Labs
Ltd., India. HPLC grade solvents were purchased from
E. Merck (India) Ltd. Pluronic F127 was kindly provided
by BASF Corporation, USA. Ultrapure water was
obtained with MilliQ equipment (Waters, USA). All other
solvents and materials used were of analytical grade.

2.2. Methods

2.2.1. Preparation of buffer solutions

The composition of artificial tear fluid (ATF), pH 7.4,
was: sodium chloride 0.670 g, sodium bicarbonate
0.200 g, calcium chloride. 2H2O 0.008 g, and purified water
q.s. 100 g [43].

The composition of phosphate-buffered saline (PBS),
pH 7.4, was: disodium hydrogen phosphate 1.38 g, potas-
sium dihydrogen phosphate 0.19 g, sodium chloride 8.0 g,
and purified water q.s. 1000 mL [44].

2.2.2. Preparation of chitosan–sodium alginate nanoparticles

Both the sodium alginate and chitosan solutions were
prepared by dissolving the polymers in distilled water.
The pH of the sodium alginate solutions (5.0–5.3) was
adjusted using hydrochloric acid. The chitosan solutions
were prepared using a previously published method,
adjusting the amount of chitosan used to yield the desired
concentration [30,45]. Briefly, a known amount of chitosan
was dissolved in a solution of 1 M HCl, volume adjusted
using distilled water and pH modified to 5.5–5.7 using
0.1 M NaOH. The sodium alginate and chitosan solutions
were filtered under vacuum before use in nanoparticles
preparation.

The CA–ALG nanoparticles were prepared by a modi-
fied coacervation method as reported by Calvo et al.
[24,46]. Briefly, the aqueous solution of sodium alginate
was sprayed into the chitosan solution containing Pluronic
F-127 (0.5% w/v) under continuous magnetic stirring at
1000 rpm for 30 min. Pluronic F127 (0.50% w/v) was added
to aid in solubilisation of gatifloxacin. Nanoparticles were
formed as a result of the interaction between the negative
groups of ALG and the positively charged amino groups
of CS (ionotropic gelation). Nanoparticles were collected
by centrifugation (REMI high speed, cooling centrifuge,
REMI Corporation, India) at 18,000 rpm for 30 min at
4 �C. For particle size and size distribution study these
nanoparticles were redispersed in 5 ml of ultrapure water.

Different mucoadhesive CS–ALG nanoparticulate for-
mulations of gatifloxacin were prepared using the following
composition: CS (0.10–0.30% w/v), ALG (0.20–0.60% w/
v), gatifloxacin (0.01–0.10% w/v) and Pluronic F127
(0.50% w/v). Various formulations were prepared using
the Box-Behnken experimental design.

The range of the two polymers under study was selected
on the basis of preliminary experimentation where three
kinds of phenomenon were observed: almost clear solu-
tions, opalescent suspensions and aggregates. The zone of
opalescent suspensions was of our interest for preparing
mucoadhesive nanoparticulate systems and it was further
examined and optimised using design of experiments i.e.
Box-Behnken statistical design.
2.2.3. Experimental design
Use of experimental design allows for testing a large

number of factors simultaneously and precludes the use
of a huge number of independent runs when the traditional
step-by-step approach is used. Systematic optimisation
procedures are carried out by selecting an objective func-
tion, finding the most important or contributing factors
and investigating the relationship between responses and
factors by the so-called response surface methodology
[47]. Objective function for the present study was selected
as maximizing the % encapsulation efficiency while mini-
mizing the particle size and % burst release.

Box-Behnken design was used to statistically optimise
the formulation parameters and evaluate the main effects,
interaction effects and quadratic effects of the formulation
ingredients on the % encapsulation efficiency of mucoadhe-
sive nanoreservoir systems. A 3-factor, 3-level design was
used to explore the quadratic response surfaces and for
constructing second order polynomial models using Design
Expert� (Version 7.0.0, Stat-Ease Inc., Minneapolis, MN).
The Box-Behnken design was specifically selected since it
requires fewer runs than a central composite design, in
cases of three or four variables [48]. This cubic design is
characterised by set of points lying at the midpoint of each
edge of a multidimensional cube and center point replicates
(n = 3) whereas the ‘missing corners’ help the experimenter
to avoid the combined factor extremes. This property pre-
vents a potential loss of data in those cases [49]. A design
matrix comprising of 15 experimental runs was con-
structed, for which the non-linear computer generated qua-
dratic model is defined as;

Y ¼ b0 þ b1X 1 þ b2X 2 þ b3X 3 þ b12X 1X 2 þ b13X 1X 3

þ b23X 2X 3 þ b11X 2
1 þ b22X 2

2 þ b33X 2
3

where Y is the measured response associated with each fac-
tor level combination; b0 is an intercept; b1 to b33 are
regression coefficients computed from the observed experi-
mental values of Y from experimental runs; and X1, X2 and
X3 are the coded levels of independent variables. The terms
X1X2 and X 2

i (i = 1, 2 or 3) represent the interaction and
quadratic terms, respectively [48–50].

Independent variables studied were the amount of the
bioadhesive polymers: CS (X1), ALG (X2) and the amount
of drug in the formulation (X3). The dependent variables
were the particle size (Y1), zetapotential (Y2), encapsulation
efficiency (Y3) and burst release (Y4) with constraints
applied on Y2 P 30 mV for the long-term stability of
nanoparticulate suspensions. The concentration range of
independent variables under study is shown in Table 1
along with their low, medium and high levels, which were



Table 1
Variables in Box-Behnken design

Factor Levels used, Actual (coded)

Low (�1) Medium (0) High (+1)

X1 = Chitosan (% w/v) 0.10 0.20 0.30
X2 = Sodium alginate (% w/v) 0.20 0.40 0.60
X3 = Gatifloxacin (% w/v) 0.01 0.055 0.10

Dependent variables Constraints

Y1 = Particle size (nm) Minimize
Y2 = Zetapotential (mV) Y2 P 30
Y3 = Encapsulation efficiency (%) Maximize
Y4 = Burst release (%) Minimize
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selected based on the results from preliminary experimenta-
tion. The concentration of CS (X1), ALG (X2) and gatiflox-
acin (X3) used to prepare the 15 experimental formulations
and the corresponding observations for dependent vari-
ables are given in Table 2.
2.3. Characterisation of nanoparticles

2.3.1. Nanoparticles morphology
Morphological analysis of the chitosan nanoparticles

was performed using transmission electron microscopy
(TEM, Philips CM-10, USA). Samples of the nanoparticles
suspension (5–10 lL) were dropped onto Formvar-coated
copper grids. After complete drying, the samples were
stained using 2% w/v phosphotungstic acid. DigitalMicro-
graph and Soft Imaging Viewer software were used to per-
form the image capture and analysis, including particle
sizing.

Atomic force microscopy (AFM) was used to study the
surface morphology and three-dimensional organisation
and/or association of the nanoparticles. Nanoparticles sus-
Table 2
Observed responses in Box-Behnken design for gatifloxacin polymeric nanopa

Batch Dependent variables Inde

X1 (%) X2 (%) X3 (%) Y1 (nm)
(Mean ± SD)

Y2 (mV)
(Mean ±

1 0.10 0.20 0.06 205 ± 16 27.3 ± 3.9
2 0.30 0.20 0.06 468 ± 23 47.8 ± 4.9
3 0.10 0.60 0.06 273 ± 19 17.6 ± 3.1
4 0.30 0.60 0.06 572 ± 27 38.1 ± 4.3
5 0.10 0.40 0.01 243 ± 18 21.9 ± 3.4
6 0.30 0.40 0.01 483 ± 24 42.2 ± 3.9
7 0.10 0.40 0.10 261 ± 21 20.5 ± 2.9
8 0.30 0.40 0.10 528 ± 23 42.3 ± 4.7
9 0.20 0.20 0.01 338 ± 17 39.6 ± 4.1

10 0.20 0.60 0.01 389 ± 21 30.2 ± 3.8
11 0.20 0.20 0.10 391 ± 25 37.8 ± 3.5
12 0.20 0.60 0.10 409 ± 22 30.8 ± 4.1
13a 0.20 0.40 0.06 317 ± 20 34.7 ± 4.3
14a 0.20 0.40 0.06 298 ± 18 33.1 ± 4.7
15a 0.20 0.40 0.06 317 ± 21 35.5 ± 3.8

a Indicates the center point of the design.
pension was diluted tenfold with ultrapure water and a drop
was deposited on a glass thin layer fixed on a metallic mag-
netic support. The drop was dried overnight. The AFM
images were collected with a NanoScope III (Digital Instru-
ments, Santa Barbara, USA) operating in tapping mode.

2.3.2. Nanoparticles size and surface charge

Dynamic light scattering (DLS) (Brookhaven Instru-
ments Corporation, Holtsville, NY) was used to mea-
sure the average nanoparticles size and size
distribution (polydispersity index). All DLS measure-
ments were done with a wavelength of 532 nm at
25 �C with an angle detection of 90�. Sample volume
used for the analysis was kept constant i.e. 5 ml to nul-
lify the effect of stray radiations from sample to sample.
The zetapotential of nanoparticles was measured on a
zetapotential analyzer (Zeecom, Japan). For zetapoten-
tial measurements, samples were diluted with 0.1 mM
KCl and placed in the electrophoretic cell. All measure-
ments were performed in triplicate (n = 3) and the stan-
dard deviation (SD) was recorded.

2.3.3. Fourier transform infra-red spectroscopy (FT-IR)

CS–ALG nanoparticles separated from nanoparticulate
suspensions were dried by a freeze dryer, and their FT-IR
transmission spectra were obtained using a FT-IR-8300 spec-
trophotometer (Shimadzu, Japan). A total of 2% (w/w) of
sample, with respect to the potassium bromide (KBr;
S.D. Fine Chem Ltd., Mumbai, India) disc, was mixed with
dry KBr. The mixture was ground into fine powder using
an agate mortar before compressing into KBr disc under
a hydraulic press at 10,000 psi. Each KBr disc was scanned
at 4 mm/s at a resolution of 2 cm over a wavenumber
region of 400–4000 cm�1 using IRsolution software (ver.
1.10). The characteristic peaks were recorded for different
samples.
rticles

pendent variables Burst release rate (mgh�1)
upto 15 min (Mean ± SEM)

SD)
Y3 (%)
(Mean ± SD)

Y4 (%)
(Mean ± SD)

77.67 ± 4.69 23.37 ± 3.29 9.27 ± 0.811
61.31 ± 4.07 14.63 ± 3.04 5.81 ± 0.723
71.82 ± 3.18 19.32 ± 4.16 7.67 ± 0.278
68.51 ± 5.11 11.45 ± 2.93 4.54 ± 0.509
74.53 ± 2.83 21.17 ± 3.67 8.40 ± 0.219
63.29 ± 2.47 13.71 ± 2.54 5.43 ± 0.347
76.84 ± 4.58 21.89 ± 3.32 8.69 ± 0.338
67.08 ± 3.77 13.02 ± 2.86 5.17 ± 0.320
62.54 ± 3.20 19.08 ± 3.59 7.57 ± 0.361
66.91 ± 5.34 11.93 ± 3.18 4.73 ± 0.098
64.43 ± 4.74 18.83 ± 2.97 7.47 ± 0.202
68.22 ± 2.61 12.23 ± 3.66 4.85 ± 0.304
81.48 ± 5.03 14.78 ± 4.20 5.86 ± 0.267
77.67 ± 4.85 14.26 ± 3.83 5.66 ± 0.412
82.56 ± 3.57 13.46 ± 4.74 5.34 ± 0.329
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2.3.4. Differential scanning calorimetry

Differential scanning calorimetric (DSC) analysis was
used to characterise the thermal behavior of the individ-
ual polymers and gatifloxacin, empty and gatifloxacin-
loaded nanoparticles. DSC thermograms were obtained
using an automatic thermal analyzer system (Pyris 6
DSC, Perkin-Elmer, USA). Temperature calibration was
performed using Indium Calibration Reference Standard
(transition point: 156.60 �C) as a standard. Samples were
crimped in standard aluminum pans and heated from 40
to 400 �C at a heating rate of 10 �C/min under constant
purging of dry nitrogen at 30 mL/min. An empty pan,
sealed in the same way as the sample, was used as a
reference.
2.3.5. Gatifloxacin loading of nanoparticles
The encapsulation efficiency of nanoparticles was

determined by the separation of drug-loaded nanoparti-
cles from the aqueous medium containing non-associated
gatifloxacin by ultracentrifugation (REMI high speed,
cooling centrifuge, REMI Corporation, India) at
18,000 rpm at 4 �C for 30 min. The amount of gatifloxa-
cin loaded into the nanoparticles was calculated as the
difference between the total amount used to prepare the
nanoparticles and the amount that was found in the
supernatant. The amount of free gatifloxacin in the
supernatant was measured by a validated and stability-
indicating HPTLC method using n-propanol–methanol–
concentrated ammonia solution (25%) (5:1:0.9 v/v/v) as
mobile phase [51]. The gatifloxacin encapsulation effi-
ciency (EE) of the nanoparticles was determined in trip-
licate and calculated as follows [26,52]:

Encapsulation Efficiency ðEEÞ

¼ Total gatifloxacin� Free gatifloxacin

Total gatifloxacin
� 100:
2.3.6. In vitro release studies
In vitro release profiles of gatifloxacin from nanoparti-

cles were determined as follows. The gatifloxacin-loaded
CS–ALG nanoparticles were separated from the aqueous
nanoparticulate suspension medium through ultra centrifu-
gation. These nanoparticles were dried at 60 �C for 24 h in
vacuum. Quantity of dried nanoparticles equivalent to
about 20 mg of gatifloxacin was then re-dispersed in
5 mL of ultrapure water and placed in a dialysis membrane
bag with a molecular cut-off of 5 kDa, tied and placed into
50 mL of dissolution media. The entire system was kept at
37� ± 0.5 �C with continuous magnetic stirring (25 rpm)
and the study was carried out in two dissolution media:
phosphate-buffered solution (PBS), pH 7.4 and artificial
tear fluid (ATF), pH 7.4. At appropriate time intervals,
3 mL of the release medium was removed and 3 mL fresh
medium was added into the system to maintain sink condi-
tions. The amount of gatifloxacin in the release medium
was evaluated by validated and stability-indicating HPTLC
method [51]. The cumulative % drug release was calculated
for the formulations and the drug release data were curve
fitted using PCP Disso v2.08 software (Poona College of
Pharmacy, Pune, India) to study the possible mechanism
of drug release from mucoadhesive CS–ALG nanoreservoir
systems. All measurements were performed in triplicate
(n = 3) and the SD was calculated.

To evaluate the sustained release potential of mucoad-
hesive gatifloxacin-loaded CS–ALG nanoreservoir systems,
the in vitro release profile of the marketed gatifloxacin ocu-
lar solution (Gatikind DPS, Mankind Pharma, India) was
also determined under similar conditions and was used as a
reference.

2.3.7. Optimisation data analysis and model-validation

ANOVA provision available in the software was used to
establish the statistical validation of the polynomial equa-
tions generated by Design Expert�. A total of 15 runs with
triplicate center points were generated by Box-Behnken
design. All the responses observed were simultaneously fit-
ted to first order-, second order- and quadratic-models and
were evaluated in terms of statistically significant coeffi-
cients and R2 values.

Various feasibility and grid searches were conducted
over the experimental domain to find the compositions
of the optimised nanoparticulate formulations. Three-
dimensional response surface plots were provided by
the Design Expert� software, where by intensive grid
search performed over the whole experimental region,
five optimum checkpoint formulations were selected to
validate the chosen experimental domain and polyno-
mial equations. The optimised checkpoint formulations
were prepared and evaluated for various response prop-
erties. The resultant experimental values of the responses
were quantitatively compared with that of the predicted
values to calculate the percentage prediction error. Also,
linear regression plots between actual and predicted val-
ues of the responses were produced using MS-Excel.

2.3.8. Freeze-drying and redispersibility of nanoparticles

suspensions

Aliquots of six different batches of the optimised
formulation were freeze-dried to study the physical sta-
bility of dried nanoparticles and the nanoparticles sus-
pensions following redispersion. Mannitol (5% w/v) was
added as a cryoprotectant to 50 mL aliquots of sam-
ples, which were frozen in liquid nitrogen and lyophi-
lised (Heto Drywinner, Thermo Scientific, USA) for
48 h at 120 �C, at a 0.05 mmHg pressure. Freeze-dried
samples, stored at room temperature, were rehydrated
with the original volume of ultrapure water to restore
the drug and polymer concentrations at every 2 months
interval. The particle size, polydispersity index and
zetapotential changes were assessed as described in Sec-
tion 2.3.2. Reconstituted samples were also evaluated
for any change in in vitro release profiles as described
in Section 2.3.6.



Fig. 1. (a) TEM photomicrograph of gatifloxacin-loaded CS–ALG
nanoparticles. (b) AFM photomicrograph of gatifloxacin-loaded CS–
ALG nanoparticles.
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3. Results and discussion

3.1. Formation and characterisation of gatifloxacin-loaded

nanoparticles

The preparation of CS–ALG nanoreservoir systems,
based on an ionotropic gelation process, involves mixing
the two aqueous phases at room temperature. Because of
the higher viscosity of CS solution, a number of experi-
ments were performed by varying the concentration of
CS and ALG, in order to screen the appropriate concentra-
tion range so as to allow the formation of turbid solutions
and not the aggregates. The final concentration range
selected for optimisation study was 0.10–0.30% w/v and
0.20–0.60% w/v for CS and ALG, respectively. The gati-
floxacin concentration range selected was from 1:1 to
1:10 with respect to chitosan.

Recently, Douglas and Tabrizian [30] have studied the
effect of pH on nanoparticles formation. They have demon-
strated that an ALG solution of pH 5.3 generally produces
smaller particle sizes when combined with high molecular
weight CS (pH 5.5). It can be explained by the fact that
as CS is poorly water soluble at neutral or alkaline pH,
its solution is prepared under acidic conditions. CS is likely
to precipitate out from solution upon addition of an ALG
solution with higher pH resulting in less CS available for
nanoparticles formation. Also as the pKa of CS is reported
to be 6.5 [53], an ALG solution of neutral pH, upon addi-
tion, would result in the majority of amine groups of CS
being unprotonated and, therefore, unable to participate
in ionic interactions with ALG. Using an ALG solution
with a slightly lower pH (5.0–5.3) resolves these problems
by allowing a stronger interaction between CS and ALG,
leading to the formation of more compact and smaller
nanoparticles. Additional studies, carried out in our labo-
ratory (n = 3), in the more acidic pH range reveal that
the use of acidified ALG (pH 2.2) or CS (pH 0.3) results
in increased particle sizes and smaller CS–ALG nanoparti-
cles are obtained when both the CS and ALG solutions
have a pH in the range of 5.1–5.7. Within this range, the
amine groups of the CS are protonated and the carboxyl
groups of the ALG are ionised, which is most important
for optimum interaction and the polyionic complex forma-
tion [30,54].

The observations for the particle size (nm), zetapotential
(mV), encapsulation efficiency (%) and burst release (%) are
presented in Table 2. It can be observed that the nanopar-
ticles size, as previously reported by Calvo et al. [46], is
dependent upon the concentration of two polymers (CS
and ALG), the minimum size i.e. 205 nm (polydispersity
0.362), corresponding to the lowest CS and ALG concen-
tration and the maximum size i.e. 572 nm (polydispersity
0.407), corresponding to the highest CS and ALG concen-
trations. These results confirm that smaller nanoparticles
result, when the availability of the functional groups on
two polymers for interaction is in stoichiometric propor-
tion. On the other hand, the zetapotential of the nanopar-
ticles was primarily affected by the CS concentration and
was observed in the range of 17–27, 30–39 and 38–47 mV
for the CS concentration of 0.10%, 0.20% and 0.30% w/v.
It can be ascribed to the higher availability of protonated
amine groups with increasing CS concentration.

As shown in Table 2, encapsulation efficiency of the
nanoparticles was found to vary between 61% and 82%.
It was also observed that the encapsulation of gatifloxacin
into CS–ALG nanoparticles was highest (77–82%) when
the CS, ALG and the drug were used at intermediate con-
centrations, whereas the encapsulation was found to be less
than 70% when either of the CS or ALG is used at higher
concentration levels. Also, there existed an inverse relation-
ship between the particle size and gatifloxacin encapsula-
tion which can be explained on the basis of the fact that
at higher concentrations of the two polymers, it is polymers
that make the bulk of the nanoparticles matrix and less vol-
ume is available for drug encapsulation.
3.2. Nanoparticles morphology

With TEM studies, the nanoparticles were seen to be
distinct, spherical particles with solid dense structure
(Fig. 1). Nanoparticles appeared to be considerably smaller
when viewed with TEM as compared to the average parti-
cle size observed with DLS. Depending on the experimental
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parameters used to prepare the nanoparticles, TEM images
showed the nanoparticles sizes between 62 nm and 193 nm,
whereas DLS sizing indicated that the smallest population
has an average diameter of at least 379 nm. This apparent
discrepancy between the two results can be explained by
the dehydration of the CS–ALG hydrogel nanoparticles
during sample preparation for TEM imaging. Also DLS
measures the apparent size (hydrodynamic radius) of a par-
ticle, including hydrodynamic layers that form around
hydrophilic particles such as those composed of CS–
ALG, leading to an overestimation of nanoparticles size
[55]. AFM studies also confirmed the presence of spherical
and dense solid nanoparticles (Fig. 1) and three-dimen-
sional view of the nanoparticles showed that the nanopar-
ticles are discrete, which may be due to the presence of
positive surface charge.

3.3. Identification of nanoparticles constituents

CS, ALG and CS–ALG nanoparticles were analysed
using FT-IR spectrophotometer for characteristic absorp-
tion bands, indicative of their interaction. The peak at
�1640 cm�1 in both the CS and CS–ALG nanoparticles
spectra was due to the unreacted –NH2 groups of CS. Sim-
ilarly, peaks observed at �820 cm�1 and �1320 cm�1 in
FT-IR spectra of ALG and CS–ALG nanoparticles repre-
sent unreacted –COOH groups of ALG. The characteristic
peak observed at 1447 cm�1 (salt of carboxyl group) in the
FT-IR spectrum of nanoparticles was attributed to the
ionic interaction between these two reactive groups [56].

DSC thermograms of the CS, ALG and gatifloxacin
showed characteristic endothermic peaks at 92.2 �C,
103.5 �C and 190.6 �C, respectively. The characteristic peak
Table 3
Summary of results of regression analysis for responses Y1, Y2, Y3 and Y4

Models R2 Adjusted R2 Pr

Response (Y1)
Linear model 0.9143 0.8909 0.
Second order 0.9189 0.8581 0.
Quadratic model 0.9913 0.9871 0.

Response (Y2)
Linear model 0.9814 0.9763 0.
Second order 0.9818 0.9682 0.
Quadratic model 0.9957 0.9881 0.

Response (Y3)
Linear model 0.7965 0.8041 0.
Second order 0.8103 0.8023 0.
Quadratic model 0.9931 0.9892 0.

Response (Y4)
Linear model 0.8621 0.8245 0.
Second order 0.8661 0.7657 0.
Quadratic model 0.9921 0.9887 0.

Regression equations of the fitted modela

Y 1 ¼ 310:67þ 133:62X 1 þ 30:12X 2 þ 17:00X 3 þ 9:00X 1X 2 þ 6:75X 1X 3 � 8:2
Y 2 ¼ 33:67þ 10:50X 1 � 4:13X 2 � 0:13X 3 þ 0:25X 1X 2 þ 0:25X 1X 3 � 1:83X 2

1

Y 3 ¼ 80:57� 5:08X 1 þ 1:19X 2 þ 1:16X 3 þ 3:26X 1X 2 þ 0:37X 1X 3 � 0:15X 2X
Y 4 ¼ 14:17� 4:12X 1 � 2:62X 2 þ 0:22X 1X 2 � 0:35X 1X 3 þ 0:14X 2X 3 þ 2:48X

a Only the terms with statistical significance are included.
for gatifloxacin was found to be reduced in intensity and
shifted to 184.3 �C, probably because of encapsulation in
CS–ALG nanoparticles. Also two characteristic exothermic
peaks, each for the CS and ALG, at 306.4 �C, 380.7 �C and
250.1 �C, 260.8 �C, respectively, disappear and could not
be seen in CS–ALG nanoparticles.

3.4. Fitting of data to the model

There existed a direct relationship between the particle
size and the polymer concentrations and at a constant con-
centration of 0.10% w/v of CS, the particle size of the nano-
particles was found to vary between 205 nm and 271 nm
depending upon the ALG concentration. At 0.20% and
0.30% w/v concentration of CS the nanoparticles size var-
ied between 300 nm and 410 nm and >450 nm, respectively,
depending upon the concentration of ALG (Table 2).

Stability of nanoparticulate suspensions has always been
a critical determinant for making the use of these suspen-
sions, a viable alternative to the conventional ophthalmic
delivery systems. It has been reported that the value of
zetapotential less than �30 mV or higher than +30 mV
can be used to assure the stability of nanoparticulate sus-
pensions [57]. Zetapotential of the CS–ALG nanoreservoir
systems was dependent upon the availability of total pro-
tonated –NH2 group on CS and its neutralisation with –
COO� groups of ALG. Higher the availability of –NH2

groups (at higher CS concentration) and lower the neutral-
isation of these with –COO� groups (at lower concentra-
tion of ALG), higher was the zetapotential. Maximum
zetapotential of 47.8 mV was observed at CS and ALG
concentration of 0.30% and 0.20% w/v. It is also clear that
the minimum concentration of CS i.e. 0.10% w/v is not suf-
edicted R2 SD % CV Remarks

8728 1.13 3.29 –
8056 2.74 8.12 –
9808 2.18 2.37 Suggested

9640 1.33 4.07 –
9197 1.54 4.71 –
9707 0.94 2.88 Suggested

7217 3.21 5.23 –
7827 4.38 6.70 –
9751 2.01 2.84 Suggested

8090 1.69 7.29 –
7559 1.96 8.12 –
9841 1.11 3.09 Suggested

5X 2X 3 þ 32:92X 2
1 þ 35:92X 2

2 þ 35:17X 2
3

þ 0:42X 2
2 � 0:58X 2

3

3 � 2:92X 2
1 � 7:83X 2

2 � 7:22X 2
3

2
1 þ 0:55X 2

2 þ 0:80X 2
3
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ficient to produce the required zetapotential of >+30 mV
(Table 2).

Fitting of the data for observed responses to various
models, it was observed that the best-fitted model for
all the four dependent variables was quadratic model
(Table 3). The values of the coefficients for CS, ALG
and gatifloxacin relates to the effects of these factors
and their comparative significance on the encapsulation
efficiency of nanoparticulate systems (Table 4). Higher
values of the standard error (SE) for coefficients
indicate the quadratic (non-linear) nature of the
relationship.

A positive value in regression equation for a response
represents an effect that favors the optimisation (synergis-
tic effect), while a negative value indicates an inverse rela-
tionship (antagonistic effect) between the factor and the
response [48]. From Table 3, it is evident that all the three
independent variables viz. the concentration of the two
biopolymers and the drug have positive effects on the
response Y1 (particle size) whereas the response Y2 (zeta-
potential) has inverse relationship with ALG and drug
concentration. It is primarily CS concentration, which
favors the response Y2. As the effect of CS concentration
on Y1 was about 13-fold as compared to the effect on Y2,
the particle size and zetapotential can be tailor-made to
suit the specifications for a particular drug delivery sys-
tem. Response Y4 (% burst release) was observed to be
unaffected by drug concentration whereas it can be
retarded by increasing CS or ALG concentration (inverse
relationship) (Table 3). The CS concentration had a neg-
ative effect on the response Y3 (encapsulation efficiency),
as at higher concentrations, the CS led to the formation
of aggregates upon addition of ALG.

Coefficients with more than one factor term or higher
order terms in the regression equation represent the inter-
action terms or quadratic relationships, respectively. It also
suggests the existence of non-linear relationship between
the responses and the factors. When the factors are varied
at different levels in a formulation or when more than one
factors are changed simultaneously, a factor can produce
different degree of response than predicted by regression
equations. The interaction effect of X1 and X2 was favor-
able (positive) for all the four response but it was highest
for Y1 (about 2.75-fold to that on Y3) and almost equal
for responses Y2 and Y4. The interaction effect of X1 and
X3 was favorable for the responses Y1, Y2, and Y3 but it
has inverse relationship with responses Y4. Highest and
positive quadratic effects of X1, X2 and X3 were observed
for the response Y1, whereas the negative quadratic effects
(highest) of X2 and X1 were seen for the responses Y3 and
Y2, respectively.

In addition to the close agreement between the predicted
and adjusted R2 values for each response, the value of R2

was also observed to be >0.99 (Table 3) for all the regres-
sion equations generated, suggesting the statistical validity
and significance of these equations for optimisation of
nanoreservoir systems.
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From these equations, it is quite clear that the encapsu-
lation efficiency is primarily affected by the CS concentra-
tion. The effects of ALG and drug concentration are
almost equal on encapsulation efficiency but it is positive
in contrast to the effect of CS concentration.
3.5. Response-surface analysis

Three-dimensional response surface plots drawn for the
graphical optimisation of gatifloxacin-loaded mucoadhe-
sive nanoreservoir system are presented in Figs. 2–4, which
are very useful to study the interaction effects of the inde-
pendent variables on the responses. These types of plots
are useful in study of the effects of two factors on the
response at one time, when the third factor is kept at a con-
stant level. All the relationships among the three variables
were non-linear, and it was observed that at lower CS con-
Fig. 2. Response surface plot showing effect of CS concentration (X1) and
ALG concentration (X2) on % encapsulation efficiency (Y3).

Fig. 3. Response surface plot showing effect of CS concentration (X1) and
gatifloxacin concentration (X3) on % encapsulation efficiency (Y3).
centration, the encapsulation efficiency of nanoparticles
increases with increasing concentrations of either ALG or
drug up to intermediate concentrations. Very high concen-
trations of CS resulted in the formation of aggregates
rather than nanoparticles, which is highly undesired.
Higher concentrations of gatifloxacin result in lower encap-
sulation and major proportion is washed away in superna-
tant during separation of nanoparticles. For the stability of
nanoparticulate suspensions, the required minimum value
of zetapotential (more than +30 mV) can be achieved when
the availability of positively charged –NH2 groups on CS is
higher or the neutralisation by –COO� groups is less. It
was observed that the lowest CS concentration of 0.10%
could produce zetapotential of only 27.3 mV, even at the
lowest concentration of ALG (least neutralisation
expected).

3.6. Optimisation

The optimum formulation of gatifloxacin-loaded CS–
ALG nanoreservoir systems was selected based on the crite-
ria of attaining the maximum value of encapsulation effi-
ciency; minimizing the particle size and % burst release;
and by applying constraints on Y2 P +30 mV (Table 1).
Upon ‘trading of’ various response variables and compre-
hensive evaluation of feasibility search and exhaustive grid
search, the formulation composition with CS 0.22%, ALG
0.38% and gatifloxacin 0.05% was found to fulfill requisites
of an optimum formulation. The optimised formulation
has the encapsulation efficiency of 79.63% with particle size
and zetapotential of 347 nm and +38.6 mV, respectively.
The burst release from the optimised formulation was
11.08%.

3.7. In vitro release studies

The in vitro release study of the optimised formulation
in ATF, pH 7.4 (Fig. 5) showed an initial burst release of
Fig. 4. Response surface plot showing effect of ALG concentration (X2)
and gatifloxacin concentration (X3) on % encapsulation efficiency (Y3).



Fig. 5. In vitro release profiles of the optimised formulation of CS–ALG
nanoparticles and marketed conventional formulation in ATF, pH 7.4.
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about 10–12% of gatifloxacin, followed by a more gradual
and sustained release phase for the following 24 h. Even
after 24 h, about 5–7% of the drug still remained in the
nanoparticles, regardless of the dissolution media used.
When experiments were carried out in PBS, similar
in vitro release profiles were observed (data not shown here)
and there was no statistically significant difference (t-test,
p > 0.05) between the release profiles of gatifloxacin from
CS–ALG nanoparticles in PBS and ATF for the optimised
formulation and the marketed formulation. Evaluation of
the release profiles of the marketed conventional release
formulation showed that almost all the gatifloxacin was
released immediately after start of the study, suggesting
that the developed nanoparticles can be used as an impor-
tant platform for sustained drug release.

The initial fast release of gatifloxacin may be due to the
rapid hydration of nanoparticles due to the hydrophilic
nature of CS and ALG. The release medium penetrates
into the particles and dissolves the entrapped gatifloxacin
and, therefore, it could be proposed that the major factor
determining the drug release from nanoparticles is its solu-
bilisation or dissolution rate in the release medium. Fur-
ther, it has been known that the solubility of gatifloxacin
depends on pH (highest 40–60 mg/mL at pH 2–5) and its
solubility at about physiological pH is very low (�10 mg/
mL) [58,59]. In this sense, it is quite clear that the sink con-
ditions in which this study was performed, and the extre-
mely small size (large surface area) of the nanoparticles,
account for the initial burst release. The absence of such
Table 5
Dissolution model study by fitting in vitro release studya

Model Equation R2 Value (15 run

Zero order mo � m = kt 0.9972 ± 0.0206
First order ln m = kt 0.9301 ± 0.0156
Higuchi’s model mo � m = kt1/2 0.9122 ± 0.0268
Korsmeyer–Peppas log (mo � m) = log K + n log t 0.9636 ± 0.0382
Hixson–Crowell m1=3

o � m1=3 ¼ kt 0.9470 ± 0.0296

a m0 is the initial drug amount (100%, when represented as percentage); m the
rate constant; t is the time.
a significant dilution process upon instillation into the
eye suggests that this fast release should not occur in vivo.

Overall curve fitting (Table 5) showed that the drug
release from mucoadhesive CS–ALG nanoparticles fol-
lowed the zero-order model (R2 = 0.9972) for burst release
phase during first 15 min. Korsmeyer–Peppas model best
described the sustained release phase (R2 = 0.9953) during
later 24 h with the critical value of n being 0.5817–0.7201
suggesting non-Fickian diffusion process. This is further
supported by the fact that the sequential process of poly-
mer hydration, solvent penetration, drug dissolution and/
or polymer erosion determine the drug release from hydro-
philic matrices [48,60].

3.8. Validation of RSM

For all of the five checkpoint formulations, the results of
the evaluation for particle size, zetapotential, encapsulation
efficiency and % burst release were found to be within lim-
its (Table 6). Percentage prediction error helped in evaluat-
ing the validity of generated regression equations. Linear
correlation plots between the actual and the predicted
response variables (Fig. 6) showed the scatter of the resid-
uals versus actual values to better represent the spread of
the dependent variables under present experimental
settings.

For validation of RSM results, the experimental values
of the responses were compared with that of the anticipated
values and the prediction error for the four response vari-
ables was found to vary between �2.88% and +2.52%.
The linear correlation plots drawn between the predicted
and experimental values demonstrated high values of R2

(ranging between 0.9839 and 0.9957) indicating excellent
goodness of fit (p < 0.001). Thus the low magnitudes of
errors as well as the significant values of R2 in the present
investigation prove the high prognostic ability of the Box-
Behnken designs.

3.9. Redispersibility of nanoparticles suspensions

For long-term storage of nanoparticles, aqueous solu-
tions of the nanoparticles are essentially required to be lyo-
philised as solid products and it must be reconstituted into
physiological solution as same as its original aqueous solu-
tion immediately before use [61–63].
s) for burst release (%) R2 Value (15 runs) for sustained release (%)

0.8763 ± 0.0291
0.9249 ± 0.0215
0.9548 ± 0.0326
0.9953 ± 0.0188
0.9229 ± 0.0208

amount of drug remaining at a specific time (calculated as % of m0); k the



Table 6
Composition of checkpoint formulations, the predicted and experimental
values of response variables and percentage prediction error

Optimised
formulation
composition
(X1:X2:X3)

Response
variable

Experimental
value

Predicted
value

Percentage
prediction
error

0.17:0.43:0.06 Y1 (nm) 281.00 283.89 �1.02
Y2 (mV) 31.3 30.53 +2.52
Y3 (%) 81.68 81.58 +1.28
Y4 (%) 15.01 15.11 �0.64

0.20:0.39:0.05 Y1 (nm) 315.00 312.83 +0.69
Y2 (mV) 34.1 34.79 �1.98
Y3 (%) 79.13 79.76 �0.79
Y4 (%) 14.50 14.52 �1.03

0.21:0.37:0.06 Y1 (nm) 323.00 326.87 �1.18
Y2 (mV) 34.4 35.42 �2.88
Y3 (%) 80.18 79.97 +0.26
Y4 (%) 13.96 13.83 +0.94

0.24:0.37:0.05 Y1 (nm) 370.00 373.27 �0.87
Y2 (mV) 40.2 39.32 +2.24
Y3 (%) 77.89 77.79 +1.28
Y4 (%) 12.95 13.02 �0.51

0.26:0.35:0.05 Y1 (nm) 403.00 399.17 +0.96
Y2 (mV) 39.7 40.16 �1.15
Y3 (%) 75.88 75.36 +0.69
Y4 (%) 13.67 13.69 �1.13

ig. 6. Linear correlation plots (a, c, e, g) between actual and predicted
alues and the corresponding residual plots (b, d, f, h) for various
esponses.

Fig. 7. Particle size and zetapotential of reconstituted optimised formu-
lation upon storage for 12 months at room temperature.
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As the nanoparticles are presented with a tremendous
increase in surface area and very high surface activity,
aggregation and particle fusion are frequently noticed after
a long period of storage of such nanoparticulate disper-
sions. Fig. 7 presents a change in particle size and zetapo-
tential of reconstituted nanoparticles suspension, after
storage for a period of 12 months at room temperature.
These nanoparticles could be easily reconstituted by simple
hand-agitation; however, it was observed that the average
nanoparticles size was increased slightly with respect to
the initial values, probably because of particles aggrega-
tion. Zetapotential values were found to be almost constant
and it is proposed that a little increase in initial zetapoten-
tial values may further help in minimizing the particles
aggregation by repulsion. Storage stability at room temper-
ature revealed no significant changes in the in vitro release
profiles of the gatifloxacin-loaded CS–ALG nanoparticles.

4. Conclusion

In the present study, the potential of CS–ALG nanopar-
ticles as drug carriers for ocular delivery was investigated.
Gatifloxacin, fourth generation fluoroquinolone, and a
broad-spectrum antibacterial agent used in the treatment
of ocular infections, was successfully formulated in the
form of CS–ALG nanoreservoir system and the formula-
tion was optimised by statistical screening design consider-
ing the concentration of chitosan, sodium alginate and
gatifloxacin as independent variable. In vitro release studies
F
v
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showed that the drug is released from the optimised formu-
lation over a period of 24 h in a sustained release manner,
primarily by non-Fickian diffusion. This new formulation
is a viable alternative to conventional eye drops by virtue
of its ability to sustain the drug release, for its ease of
administration because of reduced dosing frequency result-
ing in better patient compliance.
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